In order to study hydrogen-defect interactions, the effects of ion irradiation and annealing on the lattice location of hydrogen dissolved in Nb, NbH0.023, have been investigated at room temperature by the channelling method utilizing a nuclear reaction 1 H( 11 B,α)αα with a 2 MeV 11 B + beam. By irradiation at room temperature with a dose of about 1.4 × 10 16 /cm 2 of about 2 MeV 11 B ions, the lattice location changes from the original tetrahedral (T) site (T-1 state) to the Ttr site, which is displaced from a T site by 0.45-0.55 Å towards its nearest neighbour lattice point. The Ttr-site occupancy remains the same even for an approximately three times higher irradiation dose. On subsequent annealing at 523 K for 1 h, the site occupancy changes to the occupancy of (55-70)% of H atoms at T sites (T-2 state) and (30-45)% of them at random (R) sites. By additional irradiation with a dose of about 1.4 × 10 16 /cm 2 at room temperature subsequent to the annealing, the site occupancy changes to the occupancy of (35-50)% at T + (50-65)% at R or (30-40)% at T + (10-20)% at Ttr + (50-60)% at R. It is concluded that the irradiation-induced site change to the Ttr site is a result of the trapping of hydrogen by monovacancies, i.e., the formation of H-vac. complex-1. Most of the H atoms in the T-2 state are not free hydrogen, but associated with more vacancies, for which hydrogen located at a T site in a tetrahedron consisting of four vacancies (tetravacancy), i.e., H4vac. complex-2, is proposed. The R-site occupancy corresponds to hydrogen in a H-associated larger vacancy cluster complex-3. It is demonstrated that the complex-1 does not act as a nucleus, whereas the complex-2 acts as a nucleus for the growth to the H-associated larger vacancy cluster complex-3 by trapping more irradiation-introduced vacancies at room temperature.
Introduction
The interaction of hydrogen with defects in metals is one of the fundamental problems on the properties of hydrogen. It has been known that hydrogen is trapped by various types of defects, i.e., vacancies, voids, dislocations etc. In the electrical resistivity measurements on the recovery of Nb and H-doped Nb irradiated with electrons at low temperature, it was observed that the recovery stage at around 250-270 K (stage III) in pure Nb is shifted to higher temperatures by about 100-160 K in H-doped Nb. 1) From the positron lifetime measurements, the stage III was attributed to free migration of monovacancies, and the shift was interpreted to be a result of the trapping of hydrogen by vacancies. [1] [2] [3] [4] The trapping of hydrogen by vacancies has a strong effect on various properties of hydrogen, such as diffusion, solubility etc. and it is also related to the formation of superabundant vacancies. 5) In addition, as a mechanism of the hydrogen-related failure of steel, it has been proposed that hydrogen enhances the strain-induced formation of vacancies and their agglomerations (voids) through interactions between vacancies and hydrogen when deformation takes place in the presence of hydrogen, and they are localized in strain-concentrated areas to lead to the reduction in crack growth resistance. 6) Therefore, information on the atomistic state of trapped hydrogen, especially its lattice location, is highly required.
The lattice location has been extensively studied on deuterium implanted in various bcc metals at low temperature by the channelling method with a 3 He beam. It has been proposed that, after annealing subsequent to implantation, deuterium is located at sites displaced from tetrahedral (T) sites or octahedral (O) sites, and this displacement is due to the trapping of deuterium by vacancies. [7] [8] [9] [10] On the other hand, it has been reported that this displacement is not a result of trapping by vacancies. 11) This problem is still in discussion. As the behaviour of hydrogen is not necessarily the same as that of deuterium as recognized from, for example, the difference in the phase diagram between V-H and V-D systems and the diffusivity between H and D, the study on the atomistic state of trapped hydrogen is indispensable. Nevertheless, its lattice location has not been experimentally studied, because the channelling method with a 3 He beam is not effective for hydrogen and there was no channelling method available to locate hydrogen, despite its usefulness. However, the channelling method utilizing a nuclear reaction 1 H( 11 B,α)αα with a 11 B beam of an energy of about 2 MeV has been developed, and it became possible to locate hydrogen dissolved in metals under various conditions. 12, 13) In the present study, the atomistic state of hydrogen trapped by vacancies and the formation of hydrogen-associated vacancy clusters in Nb are investigated through the direct observation of a change of the lattice location of hydrogen by the nuclear-reaction channelling method described above in simpler situation than that in ion-implantation; hydrogen is doped from the gas phase and then defects are introduced by ion-irradiation at higher energy than that in ionimplantation. 14, 15) The present paper is an overview of previously reported results. 14, 15) The present study is not related to hydrogen in Fe, but that in Nb. In Fe, the terminal solubility of hydrogen is too low to be investigated by this channelling method at the present stage. Therefore, the study on hydrogen in Nb with the same bcc crystal structure as Fe will provide helpful information on the state of hydrogen in iron and its alloys.
Experiment

Principles of the Experimental Method
In this section, the principles of the ion-channelling method to determine the lattice location of hydrogen in a crystal will be briefly and qualitatively described in the case of axial channelling. For the detection of impurities in a crystal the Rutherford backscattering (RBS) method is usually used. However, it is ineffective for the detection of the lightest element, hydrogen. Therefore, the method utilizing a nuclear reaction with a B ions backscattered by host metal atoms (Nb) is measured as a function of an incidence angle ψ to the crystal by tilting the crystal, the backscattering yield is much reduced for the incidence parallel to the specific crystallographic direction (channel), because most of the ions travel in the open channel surrounded by atomic rows or planes, without being scattered strongly, except for the ions scattered by surface atoms. Such angular dependence of the backscattering yield (angular profile) exhibits a dip (channelling dip, 11 B-dip) as shown in Fig. 1(a) . The trajectories of channelled ions are determined by the interaction potential of the moving ions and lattice atoms (ion-lattice potential), U(r), where r is the position vector in the plane perpendicular to the channel direction and the origin of r is taken at the channel centre. U(r) becomes minimum at the channel centre. There is a critical incidence angle, for which incident ions can be steered by the atomic rows and channelled. Ions entering the crystal at a position of the potential U(r in ) with a small angle ψ less than the critical angle with respect to the channel direction are confined in the area A(E⊥) surrounded by the equipotential contour of E⊥ = U(rin) + Eψ 2 , owing to the energy conservation in the shallow region from the surface, because the transverse energy of the incident ions is E[sin(ψ)] 2 ≈ Eψ 2 and travel oscillating in the channel [Figs. 1(b) and 1(c)]. Due to such confinement in the limited area, the density of the ion flux becomes higher than that in the case of incidence of ions in the random direction with a large angle away from the channel direction. Therefore, the ions entering the crystal at the positions nearer the centre of the channel with a smaller angle bear higher flux density: The flux density in the channel becomes higher at the position nearer the center of the channel for the same incidence angle (flux-peaking) and its maximum value is larger at a smaller incidence angle.
On the basis of such flux distribution in the channel, the lattice location of hydrogen can be determined as follows. If hydrogen is located at a site, which is projected at the centre of the channel, A, onto the plane perpendicular to the channel [ Fig. 1(b) ], the α-particle yield becomes maximum as a result of the nuclear reaction with the highest density beam, and the angular profile of the α-particle yield (α-angular profile) exhibits a central peak [ Fig. 1(d) ]. When hydrogen is shadowed behind atomic rows (projected position C in Fig. 1(b) ), the α-angular profile exhibits a simple dip similar to the 11 B-dip [ Fig. 1(d) ]. When the projected position is the off-centre position B in Fig. 1(b) , the α-angular profile exhibits off-centre peaks as described in the followings. The nuclear reaction of hydrogen with ions entering the crystal at the positions near the center of the channel with small angles, i.e., ions bearing the highest flux density, does not take place, because such ions are confined in the small area inside the potential contour, on which position B is located (contour B); the position B is outside the area of the highest flux density. At the incidence angle ψ = 0°, only ions entering the crystal at positions outside the contour B make nuclear reaction with hydrogen. As their flux densities are low, the α-particle yield is small. With increasing incidence angle up to ψi, some portion of ions entering the crystal at positions inside the contour B, reach the contour B and begin to contribute to the nuclear reaction.
Correspondingly, the α-particle yield increases. At the incidence angle ψ i , the ions entering the crystal at the channel centre also reach the contour B and the nuclear reaction between such ions and hydrogen takes place for the first time. With increasing incidence angle from ψi, although all ions entering the crystal at any point contribute to the nuclear reaction, the flux density of ions decreases and, as a result, the α-particle yield decreases. Therefore, when the projected position of hydrogen is B, the α-angular profile exhibits off-centre peaks around ± ψi [ Fig. 1(d) ].
Generally, if the hydrogen is located at a site whose projected position is ri in the channel in question (the origin of the position vector ri is taken at the centre of the channel), where U(r i ) is the potential at projected position r i and the difference from its minimum value in the channel. From the angular positions of subsidiary peaks, the projected positions of hydrogen are deduced. In more detail, from the calculation of the spatial flux distribution of ions travelling in the channel, the α-angular profile specific to the projected position of hydrogen can be calculated. When one type of site for hydrogen is projected at some different positions in the channel (for example, projection of T sites onto the {100} plane perpendicular to the <100> channel), the α-angular profile is composed of the sum of profiles specific to each projected position, on the basis of the occupation weight at each position. By comparing the calculated profiles with the observed ones for various channels, the lattice location of hydrogen can be uniquely determined.
Experimental Procedure
The specimen is a Nb single crystal slice about 1.5 mm thick with the largest face parallel to the {110} plane. It was annealed at 2 100 K for 10 days in vacuum of 6.7 × 10 -7 Pa. Hydrogen was doped from the gas phase up to the concentration of 0.023 at a hydrogen-to-metal-atom ratio 17, 18) In this method, hydrogen can be detected by measuring emitted α particles, whose energy ranges from 0 to about 5 MeV. The beam was collimated to give a divergence of less than 0.076°, and the beam spot was about 1 mm in diameter. The beam current was 0.5-1.0 nA. The specimen was mounted on the specimen holder of a three-axis goniometer tilted by about 45° on the horizontal plane with respect to the incident beam direction. The yield of 11 B ions backscattered by Nb atoms (backscattering yield) and the emitted α particles (α-particle yield) were measured as a function of the incidence angle ψ of the beam (angular profiles) with respect to the channel direction in question by tilting the specimen with the goniometer at a scattering angle of 160° in the vertical plane and at about 90° in the horizontal plane with respect to the incident beam direction, respectively. In front of the detector for α particles, a 4 μm- In the angular scan, to minimize the effect of radiation damage by an analysis beam, the measurement was started under the aligned condition ψ = 0°, and continued at higher angles. Measurements were sometimes performed at the same spot again at the angle, at which measurement had been previously performed. When a large difference from the previously obtained normalized α-particle yield was observed, thereafter the angular scan was performed at a different spot on the specimen. In each measurement, backscattering yield and α-particle yield were accumulated for an irradiation dose of 11 
B
+ ions of (2.2-3.6) × 10 14 /cm 2 . Therefore, it can be said that, in the present study, the effect of irradiation by an analysis beam on the lattice location of hydrogen is excluded. A more detailed description on the channelling measurement is given in (Ref. 18 ).
In order to study an interaction between hydrogen and defects, first, the specimen was irradiated at room temperature with 11 . Third, to investigate the effect of annealing the channelling analyses were performed for the <100>, <110> and {100} channels at room temperature after irradiation up to a dose of 4.4 × 10
16
/cm 2 at room temperature and subsequent annealing at 523 K for 1 h. Finally, to investigate the effect of additional irradiation at room temperature after annealing at 523 K for 1 h, channelling analyses were performed at room temperature for the <100> and {100} channels after additional irradiation. The additional irradiation was conducted at room temperature up to a dose of 1.4 × 10 For the T-site occupancy of hydrogen, subsidiary peaks are expected to appear at 0°( for a projected position at the centre) and about ± 0.25° (for projected positions at the off-centre) for the <100> channel, 0° and about ± 0.35° for the <110> channel and 0° for the {100} channel. These angular positions are indicated by arrows in Fig. 2 . For the <100> channel the expected three subsidiary peaks are not well resolved, probably because of expected small angular separation among them and angular resolution, whereas for the <110> and {100} channels the peaks are observed at expected angular positions, suggesting that most of the H atoms are located at T sites. To locate hydrogen, the α-angular profiles were calculated for the Tsite occupancy. As a first approximation, the calculation was performed on the basis of the continuum potential model as in previous studies. 18) From the comparison with the calculated profiles, it is conclude that all H atoms are located at T sites before irradiation.
14) The detailed description on the analysis has been given in (Ref. 18 ). The {100} α-angular
profile consisting of a small central peak superposed on the shallow dip with approximately the same width as that of the 11 B-dip is a characteristic of the T-site occupancy. After the irradiation (Fig. 3) , the 11 B-dip becomes shallower than those before irradiation and the α-angular profile changes markedly in every channel, indicating the change in the site occupancy of hydrogen. The α-angular profile exhibits a central peak with subsidiary peaks at about ± 0.1°a nd ± 0.4° for the <100> channel, a central peak with subsidiary peaks at about ± 0.1° and ± 0.5° for the <110> channel and a shallow and narrow dip for the {100} channel. As both profiles in Figs. 2 and 3 were measured by similar procedures, the difference in the site occupancy of hydrogen is due to the effect of ion irradiation. Figure 4 shows the irradiation-dose dependence of the normalized yield at ψ = 0° of backscattered 11 B ions, χB(0), and that of α-particles, χα(0), for the <100> channel. With increasing dose, χB(0) increases, whereas χα(0) decreases.
At higher doses than 9 × 10 15 /cm 2 , they become less dependent on dose. This result serves as a measure of the dose dependence of irradiation effect on the site occupancy of hydrogen, although the increase rate of χB(0) and the decrease rate χα(0) depend on the dose rate, dislocation density etc. The increase of χB(0) is due to the increase of irradiation-induced defects. Corresponding to the increase of χ B (0), χ α (0) decreases, even if the site occupancy of hydro- Figure 8 shows the result of annealing. The channelling angular profiles were obtained at room temperature after annealing at 523 K for 1 h subsequent to irradiation at room temperature up to a dose of 4.4 × 10 16 /cm 2 . The α-angular profiles are markedly different from those in Fig. 3 , indicating the site change of hydrogen on the annealing. They exhibit a central peak with subsidiary peaks at 0° and approximately at ± 0.25° for the <100> channel, and a central peak superposed on the shallow dip with approximately the same half-width as that of 11 B-dip for the {100} channel. For the <110> channel, instead of subsidiary peaks at about ± 0.1° and ± 0.5° observed before the annealing [ Fig. 3 ], it exhibits a central peak with subsidiary peaks at 0° and about ± 0.35°. These α-angular profiles are characteristic of the Tsite occupancy. Comparing with the angular profiles for the T-site occupancy in Fig. 2 , the 11 B-dip is shallower for both <100> and <110> channels in Fig. 8 . If all H atoms would be still located at T sites after the annealing, it is expected and <110> channels to be reduced, corresponding to the reduction of the depth of the 11 B-dip. However, the peak height is much more reduced than that expected, i.e., by about 40-50%. In addition, the depth of the {100} α-angular profile is reduced by about 50% than that expected for all H atoms to be located at T sites. Therefore, this result suggests that most of the H atoms are still located at T sites, but another type of site is also incorporated in the site occupancy of hydrogen. It is anticipated that the reduction of the peak height of the α-angular profile for the <100> and <110> channels and of its depth for the {100} channel, still keeping the characteristics of the T-site occupancy, will be achieved by including in the site occupancy of hydrogen, in addition to the T sites, the sites providing the normalized α-particle yield of unity independently of incidence angles. Such an additional site is usually called a random site (R site); H atoms are not located at crystallographically equivalent specific sites in each unit cell containing hydrogen.
Annealing
In order to locate hydrogen, the α-angular profiles were calculated for the distribution of H atoms over T and R sites and compared them with the observed profiles. The <100> α-angular profile was calculated for the following four different distributions: (1) 80% of H atoms are located at T sites and 20% of them at R sites (hereafter it is represented as 80% T + 20% R), (2) 70% T + 30% R, (3) 60% T + 40% R and (4) 50% T+50% R. The calculated profiles for the latter three distributions are shown in Fig. 9 . They exhibit the subsidiary peaks at the same angular positions as those in the observed profile, supporting the distribution of H atoms over T and R sites. The heights of these subsidiary peaks at 0° (0°-peak) and approximately at ± 0.25° (± 0.25°-peak) are indicated by horizontal bars on the left hand side and right hand side of the profile, respectively. The distribution of 80% T + 20% R gives a peak height much higher than the observed one beyond the statistical error for the 0°-peak, and the distribution of 50% T + 50% R gives a peak height much lower than the observed one beyond the statistical error for both 0°-and ± 0.25°-peaks. Therefore, the probable distribution estimated from the <100> α-angular profile is (55-70)% T + (30-45)% R. The most probable one is 60% T + 40% R. As an example, the profiles calculated for the <100>, <110> and {100} channels for the distribution of 60% T + 40% R are shown in Fig. 10 . The calculated α-angular profiles for the distribution of (55-70)% T + (30-45)% R reproduced well the observed profiles for the three channels. It is concluded that, after the annealing, (55-70)% of H atoms are located at T sites and (30-45)% of them are located at R sites. Figures 11 and 12 show the effect of the additional irradiation conducted at room temperature with a dose of 1.4 × subsequently annealed H-doped Nb, NbH0.023, for three different hydrogen distributions over T sites and R sites; (a) dashed curve (distribution-2); 70% of H atoms at T sites and 30% at R sites, (b) solid curve (distribution-3); 60% at T sites and 40% at R sites, and (c) dotted curve (distribution-4); 50% at T sites and 50% at R sites. The peak height of the 0°-peak and that of the ± 0.25°-peak are indicated by horizontal bars with the number for the corresponding distribution on the left hand side and the right hand side of each curve, respectively, together with those for the distribution-1, 80% at T sites and 20% at R sites. Open circles represent experimental results, which are the same as those shown in Fig. 8 . © 2012 ISIJ Fig.  12(b) ]. These results suggest that, after the additional irradiation, most of the H atoms are still distributed over T and R sites, but the fraction of the T-site occupancy is reduced.
Additional Irradiation
As described above, after the annealing, H atoms are distributed over T and R sites with the distribution of 60% T + 40% R. If the H atoms located at T sites would be in the isolated state, i.e., free hydrogen, after the annealing, as in the state before irradiation shown in Fig. 2 , it is expected that, after the additional irradiation, they would become again located at Ttr sites, because the dose of the additional irradiation, 1.4 × 10 16 /cm 2 for the <100> angular profile and 1.3 × 10 16 /cm 2 for the {100} angular profile, are approximately the same as that of the irradiation prior to the measurement of Fig. 3 ; by the additional irradiation a change in the α-angular profiles similar to a change from Figs. 2 to 3 is expected. On this assumption of the distribution of H atoms of 60% Ttr + 40% R, the <100> and {100} α-angular profiles in the additionally irradiated state were calculated. The calculated profiles are shown in Fig. 13 . They are incompatible with the observed profiles, suggesting that all H atoms located at T sites after the annealing are not in the isolated state. Then, including the distribution of some portion of H atoms at Ttr sites, the <100> α-angular profile in the Fig. 10 . α-angular profiles (dashed curves) calculated for the irradiated and subsequently annealed H-doped Nb, NbH0.023, for hydrogen distribution of 60% of H atoms at T sites and 40% at R sites. Open circles represent experimental results, which are the same as those shown in Fig. 8 . of H atoms at T sites and 50% at R sites (hereafter represented as 50% T+50% R), the solid curve; 30% T+70% R, (b) the dashed curve; 40% T+20% Ttr+40% R, the solid curve; 30% T+30% Ttr+40% R, (c) the dashed curve; 40% T+10% Ttr+50% R, the solid curve; 30% T+20% Ttr+50% R, and (d) the dashed curve; 30% T+10% Ttr+60% R, the solid curve; 20% T+20% Ttr+60% R. The peak height of the 0°-peak and that of the ± 0.25°-peak are indicated by a horizontal bar on the right hand side and the left hand side of each curve, respectively. Open circles represent experimental results, which are the same as those shown in Fig. 11(b) .
additionally irradiated state was calculated for various distributions of H atoms over T, T tr and R sites. They are shown in Fig. 14 . From the criteria that peak heights of the 0°-peak and the ± 0.25°-peak are reproduced well within the statistical error, the following four distributions are excluded from the probable distributions. The distribution of 30% T +70% R gives the peak height of the lower limit of the experimental value for both 0° and ± 0.25°-peaks [ Fig. 14(a) ]. The distributions of 40% T + 20% T tr +40% R gives a peak height higher than the experimental value beyond the statistical error for the 0°-peak [ Fig. 14(b) ], while the distribution of 30% T + 30% Ttr + 40% R gives the peak height of the upper limit of the experimental value including the statistical error for the 0°-peak and, in contrast, the peak height close to the lower limit of the experimental value for the ± 0.25°-peak. In addition, the distribution of 20% T + 20% Ttr + 60% R [ Fig. 14(d) ] gives a peak height lower than the experimental value beyond the statistical error for the ± 0.25°-peak. Therefore, the probable distribution is estimated to be (35-50)% T + (50-65)% R or (30-40)% T + (10-20)% Ttr + (50-60)% R, among which 40% T + 60% R or 40% T + 10% T tr + 50% R is more probable. For these distributions, the {100} α-angular profiles were also calculated. They reproduced well the observed profile within the statistical error.
As examples, the <100> and {100} α-angular profiles calculated for the distributions of 40% T + 60% R or 40% T + 10% Ttr + 50% R are shown in Fig. 15 . Then, it is concluded that, after the additional irradiation, H atoms are distributed over T and R sites or T, Ttr and R sites with the distributions of (35-50)% T + (50-65)% R or (30-40)% T + (10-20)% T tr + (50-60)% R, respectively, among which 40% T + 60% R or 40% T + 10% Ttr + 50% R is more probable, and that the H atoms located at T sites after the annealing are not in the isolated state, i.e., not free hydrogen. It is to be noted that, by the additional irradiation after the annealing, the fraction of the T-site occupancy was reduced, whereas the fraction of the R-site occupancy increased as compared with that after the annealing. The site change observed in the present study is summarized in Fig. 16. 
Discussion
Hydrogen Trapped by a Monovacancy
First, the change of the lattice location of hydrogen from the T sites to the Ttr sites observed after the irradiation at room temperature with a dose of about 1.4 × 10 16 /cm 2 will be discussed. The Ttr-site occupancy still remained after irradiation of about three times higher dose 4.4 × 10 16 /cm 2 , but on the subsequent annealing at 523 K for 1 h the site occupancy markedly changed to that of (55-70)% of H atoms at T sites and (30-45)% of them at R sites. As described above, the state of this T-site occupancy (T-2 state) observed after the annealing is different from that of the T-site occupancy (T-1 state) observed before irradiation, i.e., free hydrogen. In the T-2 state, most of the H atoms located at T sites are not in the isolated state, but probably associated with irradiation-introduced defects, and the fraction of the H atoms in the isolated state is at most (10-20)%, if any, because about (10-20)% of H atoms might move from T to T tr sites by the additional irradiation after the annealing.
As described above, the R-site occupancy of hydrogen corresponds to H atoms which are not located at crystallographically equivalent sites in each unit cell containing hydrogen; H atoms in hydride precipitates or in H-associated large defect clusters. In the present case, the former possibility is excluded. This site change of hydrogen from Ttr to T and R sites on the annealing is closely related to the result of measurements of the recovery of electron-irradiated H-doped Nb. According to the electrical resistivity and positron lifetime measurements, the recovery stage observed at around 250-270 K in pure Nb (stage III), which was assigned to the free migration of monovacancies, is shifted by about 100-160 K to higher temperature on doping of hydrogen, and, as a result, at around such higher temperatures vacancy clusters are formed. [1] [2] [3] [4] The annealing temperature of 523 K in the present experiment is in the temperature range for vacancy clusters to remain.
2) Taking such correlation between the site change of hydrogen and the results on the recovery of electron-irradiated H-doped Nb, and the geometrical configuration of the T tr sites into account, it is concluded that the site change of hydrogen from T to Ttr sites by the irradiation at room temperature is a result of the trapping of hydrogen by monovacancies, i.e., the formation of H-vacancy complexes (H-vac. complex-1). The Ttr-site occupancy was also observed in Nb-3at% Mo alloys, where hydrogen is trapped by an undersized Mo atom at room temperature and located at Ttr site displaced from a T site attached to the Mo atom by about 0.6 Å towards the Mo atom. 19) This result supports the above-described conclusion Fig. 16 . Summary of the site occupancies observed in the present study. © 2012 ISIJ regarding to the trapping of hydrogen by vacancies, because an undersized Mo atoms causes the contraction of a surrounding lattice as a vacancy does. The internal strain induced by undersized Mo atoms or vacancies is reduced owing to the occupation of interstitial sites next to Mo atoms or vacancies by hydrogen causing the expansion of a surrounding lattice.
As for the trapping of hydrogen and deuterium by a monovacancy, the trapping of multiple H or D atoms up to six has been proposed. [20] [21] [22] From the positron lifetime measurements on the electron-irradiated H-doped Nb, it has been reported that one or two H atoms are trapped by a monovacancy. 23) In this positron lifetime analysis, on the basis of the theoretical calculation, the lattice location of hydrogen was considered to be a site different from the present result, i.e., a site displaced from an O site attached to a vacancy by 0.46 Å towards the vacancy. 23) On the other hand, the estimation of concentration of irradiation-induced vacancies according to the TRIM-code calculation 24) suggests that a monovacancy traps one H atom, as described in the followings. Taking 24 eV as the displacement energy at 300 K, 25) in the depth region probed in the channelling experiment, Frenkel pairs of about 1.5 × 10 6 /cm are produced per incident ion. As the irradiation was performed at room temperature, at which the produced interstitials and vacancies are mobile, a large portion of them are annihilated by spontaneous recombination, mutual recombination by migration, long range migration to sinks and so on. In addition, since interstitials are highly mobile as compared with vacancies, interstitials form clusters, which remain stable at room temperature. This is considered to be one of origins for the 11 Bdip to become shallower by irradiation. The weaker the channelling effect in order of <100>, <110> and {100} channel, the shallower the 11 B-dip. The result of isochronal annealing for the recovery of the electrical resistivity increase Δρ0 induced in Nb by electron-irradiation at 5 K with high doses indicates that approximately 20% of Δρ0 is recovered at the stage III.
3) This result suggests that, roughly speaking, an order of 20% of vacancies are still survived at the beginning of the stage III. Even if only one-fourth of vacancies exists as free vacancies in the irradiation at room temperature in the present case, their concentration is estimated to be about 2.0 at.% for the 11 
B
+ ion-irradiation with a dose of 1.4 × 10 16 /cm 2 , which is the same order of magnitude as the doped hydrogen concentration C H = 0.023. The concentration of the introduced vacancies is enough for all H atoms to be trapped, because, in the present experiment, hydrogen trapping by vacancies occurs very effectively as described below. In addition, as shown in Fig. 4 , for the irradiation with a dose of 1.4 × 10 16 /cm 2 the irradiation-induced site change of hydrogen is completed and all H atoms are located at unique type of sites with high symmetry T tr sites. Therefore, it is considered that a monovacancy traps one H atom.
In the present experiments ion-irradiation was performed at a very low dose rate of about 3 × 10 11 /(cm 2 s). According to the estimation above described, a production rate of Frenkel pairs is about 8.1 × 10 -4 at.%/s, which corresponds to the production rate of 3.5 × 10 -4 Frenkel pairs/s per H atom. It is to be noted that, in the present experiment, H atoms of a concentration of CH = 0.023 are already present homogeneously in the whole specimen before irradiation, different from the situation in H-or D-implantation. The average separation between neighbouring H atoms is about 11 Å. The ion-irradiation to such specimen produces very small number of Frenkel pairs per second as compared with the number of H atoms. Hydrogen and monovacancies are highly mobile at room temperature. It is estimated that hydrogen can move over Å for one second, where D and t represent the diffusion coefficient of hydrogen and time, respectively, while a monovacancy can move over 4.5 × 10 2 Å for one second, taking the migration energy of monovacancy of 0.545 eV.
3) Therefore, hydrogen can easily encounter a vacancy before migrating over long distance and is trapped: Hydrogen trapping by monovacancies takes place very effectively. When 90% of H atoms are already trapped and 10% of them are still free, the average separation between free H atoms increases to 25 Å. With increasing irradiation dose, clusters of self-interstitials are accumulated, and might affect diffusivity of hydrogen. However, the trapping of hydrogen by self-interstitials is much weaker than that by vacancy. Therefore, hydrogen is still more highly mobile than monovacancies at room temperature, and hydrogen can still be trapped effectively by monovacancies. The probability for hydrogen to be trapped by divacancies or by vacancy clusters is very small, as supported by the experimental result.
The lattice location of hydrogen trapped by a vacancy has not hitherto been investigated experimentally. The calculation by the effective medium theory for hydrogen in Nb indicated that the hydrogen wave function is delocalized over the entire vacancy with maxima between the vacancy centre and the six adjacent O sites, and the maxima are located at a distance of about 0.66 Å or 0.46 Å towards the vacancy. 2, 26) This type of site is the type-4 site in Fig. 5 . One third of the type-4 sites are shadowed behind the <100> atomic rows. Therefore, the <100> α-angular profile is expected to exhibit peaks around ψ = 0° superposed on the dip with the depth of approximately one third of the <100> 11 B-dip. This is incompatible with the profile observed in the present experiment as shown in Fig. 6(d) .
From the point of view of an interaction of hydrogen with defects, the experimental study on the lattice location has been performed only for deuterium introduced by ionimplantation by the channelling method. For deuterium implanted into bcc metals at low temperatures, it has been proposed that, after annealing at temperatures higher than 200 K but below the deuterium retention temperature, above which deuterium is released from the implanted region, deuterium is located at a type-4 site in Fe and Cr or a type-2 site in Mo (Fig. 5) , and that the occupancy of such a displaced site is a result of the trapping of deuterium by vacancies introduced during implantation. [7] [8] [9] [10] On the other hand, it has also been reported that deuterium implanted at 15 K into V, Nb, Ta, Fe, Cr, Mo and W is located at a type-2 site in the as-implanted state and remains identical up to the deuterium retention temperature. From this result, it has been proposed that the occupancy of such a displaced site is not a result of the trapping of deuterium by vacancies but trapping in the lattice, which is anisotropically distorted owing to ion-implantation.
11) Therefore, the lattice location of implanted deuterium is still in discussion. The type-2 and type-4 sites reported for deuterium are different from the present result on hydrogen trapped by vacancies. The experimental situation is different between the deuterium-implantation and the present study. In the case of deuterium-implantation into metals at the energy of 10-20 keV, several Frenkel defects are produced per incident deuterium simultaneously with doping of deuterium. The defects are produced in a shallower region by a few hundred Å, depending on metal species, than the depth region for deuterium to be implanted, and both are confined and accumulated in narrow depth regions at low temperature, although the both depth profiles partly overlap. This is more complicated situation than that Dt ≈ × 2 7 10 5 . in the present experiment. In the present experiment, hydrogen was doped from the gas phase and distributed homogeneously in the whole specimen before irradiation. Then, the irradiation was performed at a low dose rate. In the depth region probed by the channelling analysis, Frenkel pairs were produced homogeneously at a very low production rate per second as compared with the number of H atoms; Frenkel pairs are slowly produced in the hydrogen sea. Therefore, as described above, hydrogen can be trapped by vacancies very effectively.
Configuration of H-associated Vacancy Clusters
Second, the change of site occupancy of hydrogen from the T tr sites to the T sites or R sites on annealing will be discussed. After annealing, most of the H atoms located at the T sites are in the T-2 state, i.e., not free hydrogen. This site change on the annealing considered to be a result of the formation of other type of H-vacancy complexes containing more vacancies. As a probable configuration for the other type of complex in question with high symmetry containing hydrogen in the T-2 state, a tetrahedron consisting of 4 vacancies (tetravacancy) with hydrogen at a T site inside it (H-4vac. complex-2) is proposed, as shown in Fig. 17 . It is to be noted that, as a vacancy-impurity complex, a similar type of configuration was proposed by the theoretical calculation for Xe-implanted bcc Fe, i.e., a tetrahedron consisting of 4 vacancies with a Xe atom at a T site inside it, although the result of such calculation on a large inert gas atom could not be directly transferred to hydrogen.
27) The T-site occupancy has been observed. 28, 29) As described in Sec. 3.2, the R-site occupancy means that H atoms are not located at well-defined specific sites in each unit cell containing hydrogen and, therefore, exhibits the α-angular profile with the normalized yield of unity independently of incidence angles. Such a channelling angular profile has been observed for Kr atoms implanted into Al. 30, 31) With increasing implantation dose, the Kr-angular profile changes from an angular-dependent profile to an angular-independent one, corresponding to the formation of precipitates of solid Kr in cavities (solid Kr bubbles). At low implantation doses, a portion of Kr atoms are identified to be located at R sites and they correspond to Kr atoms in large vacancy clusters. In the present case, the R-site occupancy of hydrogen is considered to correspond to hydrogen in a much larger vacancy cluster than the H-4vac. complex-2, i.e., a H-associated larger vacancy cluster (complex-3). The complex-3 is completely different from the complex-2, in which hydrogen is located at a well-defined T site. Although no information is obtained on the size of the complex-3 clusters from the present experiment, probably clusters of various sizes are concerned in the R-site occupancy.
On the annealing the site occupancy of hydrogen changes from the Ttr sites For the formation of H-associated vacancy clusters (complexes-2 and complexes-3) on the annealing, two processes are considered. One is that, on the annealing, H-vac. complexes-1 dissociates into free H atoms and vacancies, and then the clusters are formed by their agglomeration, because both species are mobile at annealing temperature. Another one is that the clusters are formed by agglomeration of the H-vac. complexes-1 without dissociation, because the possibility of the migration of such complexes has been pointed out. 22) Taking into account the result of the annealing that, from the H-vac. complexes-1, the H-4vac. complexes-2 with high symmetry are produced and that it might be possible for a portion of H-vac. complexes-1 to change to isolated hydrogen, it is considered that the H-vac. complexes-1 dissociate on the annealing, and the liberated H atoms and vacancies migrate to form H-associated vacancy clusters (complexes-2 and complexes-3).
Formation of H-associated Larger Vacancy Clusters
Third, the nucleus for the formation of the H-associated larger vacancy cluster complex-3 will be discussed. As described above, by the irradiation with a dose of 1.4 × 10 16 /cm 2 at room temperature, all H atoms are trapped by vacancies and become located at Ttr sites to form H-vac. complexes-1. After such trapping had been completed (see Fig. 4 ), irradiation was continued at room temperature up to an approximately three times higher dose. The site occupancy, however, did not change, indicating no change in the configuration of H-vac. complex-1. On the other hand, the additional irradiation with the same dose of 1.4 × 10 16 /cm 2 at room temperature after annealing at 523 K, the fraction of the T-site occupancy in the state of the H-4vac. complexes-2 decreased, whereas the R-site occupancy increased. These results indicate that the H-vac. complex-1 does not grow to the H-associated larger vacancy cluster complex-3 at room temperature by trapping still more vacancies, whereas the H-4vac. complex-2 grows to the complex-3 at room temperature by trapping vacancies introduced by the additional irradiation; the H-vac. complex-1 does not act as a nucleus for the formation of the complex-3, whereas the H-4vac. complex-2 acts as a nucleus for the formation of it at room temperature. It is to be noted that Shimomura and Yoshida have pointed out the importance of hydrogen in the void (vacancy cluster) formation. They reported that, in Al (not a bcc lattice but a fcc lattice), voids are observed when it is quenched in hydrogen atmosphere, but they are not observed in the quenching in vacuum or He atmosphere. 32) As a stable nucleus for the void formation, they proposed a tetravacancy containing a single H atom. 33) 
Summary
In order to study hydrogen-defect interactions, the effects of ion-irradiation and annealing on the site occupancy of hydrogen dissolved in Nb have been investigated at room temperature by the nuclear-reaction channelling method.
(1) By irradiation with a dose of 1. + ions, the lattice location of hydrogen changed from the original T site (T-1 state) to the Ttr site, which is displaced from a T site by 0.45-0.55 Å towards its nearest /cm 2 at room temperature, the site occupancy of hydrogen changed from Ttr site to (55-70)% of H atoms at T sites (T-2 state) and (30-45)% of them at random (R) sites. From this result, it is concluded that the site change from original T sites to T tr sites is a result of trapping of hydrogen by monovacancies, i.e., the formation of H-vac. complexes-1.
(3) By additional irradiation with a dose of about 1.4 × 10 16 /cm 2 at room temperature subsequent to the annealing, the site occupancy changed to the occupancies of (35-50)% T + (50-65)% R or (30-40)% T + (10-20)% T tr + (50-60)% R. In the T-1 state hydrogen is in the isolated state; free hydrogen, but, in the T-2 state, most of the H atoms are associated with more vacancies. For this associated hydrogen, hydrogen located at a T site in a tetrahedron consisting of four vacancies, i.e., H-4vac. complex-2, is proposed. The Rsite occupancy corresponds to hydrogen in a H-associated vacancy cluster complex-3 larger than the complex-2. It was demonstrated that the H-vac. complex-1 does not act as a nucleus for the growth of the H-associated larger vacancy cluster complex-3, but the H-4vac. complex-2 acts as a nucleus and grows to the complex-3 by trapping more vacancies introduced by irradiation at room temperature.
